9 days) were also subjected to microaerobic conditions. In this case, the gas phase was flushed intermittently (for 5 min at approximately 12-hour intervals) during a 56-hour period of incubation. The developmental growth stage of cultures was monitored by light microscopy, and proteins were extracted when necessary by grinding of cells in liquid nitrogen and then in Laemmli buffer (18) . Protein extracts were processed for SDS-PAGE and immunoanalysis as described (20) . To reduce nonspecific crossreactions in immunoblotting analysis, we diluted the antiserum 1:10 in tris-buffered saline buffer and incubated it overnight with nitrocellulose filters that had been saturated with protein extracts from E. coli BL21 DE3 (pT7-7). 16 . Using a published alignment of sperm whale myoglobin (SMb), the alpha (Ha) and beta (Hb) polypeptides of human hemoglobin, and Vitreoscilla dimeric hemoglobin (Vb) (17), we compared protein sequences with the alignment of the monomeric hemoglobins of Paramecium (Pc) (9) and Tetrahymena (Tp) (10 to one dimension (1, 2, 5, 6) or have been complicated by concomitant movement (7) . In general, cell activity relates to the change in force (2, 5) , although in several studies that involved movement, forces were not measured (4, 8) .
We use the term "static force" (9) to refer to postural control and "dynamic force" to refer to changing force pattems. The usual experimental situation is a combination of a changing force in the presence of a constant bias force (for example, gravity). In this case, the desired outcome depends not only on the force exerted by the subject but also on the force bias: the crucial variable is the net force acting on the object, which is the vector sum of the force exerted by the subject and the force bias. We assume that the force exerted by the subject consists of a dynamic and a static component. Therefore Net force = subject force + force bias (1) = dynamic force + static force +force bias (2) We assume that static force compensates for and is therefore equal and opposite to force bias, so that net force = dynamic force; we use these terms interchangeably. Finally, we define the change in force as the difference between successive force vectors at times t and t + 1: Force change = net force (t + 1) -net force (t) or, given Eq. 1, Force change = subject force (t + 1) -subject force (t)
(4) Therefore, the change in force is the same for both the net force and the force exerted by the subject. These forces change in time when a net force pulse is produced in a specified direction and in the presence of a constant force bias (Fig. 1) . The various forces are dissociated, especially dynamic force and the force exerted by the subject; the time course of the change in force is similar to that of dynamic force. We used these dissociations to examine the relation of motor cortical activity to these different forces under isometric conditions and to determine which one is specified by the motor cortex.
For this purpose, we trained a monkey to grasp an isometric handle (10) with its hand pronated and to exert force pulses so that the net force was in eight visually specified directions. These directions were indicated by a target on a display placed 45 cm in front of the animal, and a force feedback cursor displayed the net force on the handle. A steady deflection of the force feedback cursor was used to produce a constant bias force. In the task, the visual target first appeared in the center of the display, and the monkey had to exert a force on the handle to align the net force-feedback cursor to the target cursor. After a 1-s period, the target jumped from the center to one of eight peripheral locations (every 450) on a circle with a 100-g force radius, and the monkey was required to produce a force pulse so that the net force-feedback cursor would move in the direction (+22.5°) of the target; the animal was rewarded when this cursor moved past the target, which corresponded to a net force >100 g. The force pulses were produced in the presence of a constant force bias in eight directions; in addition, the same force pulses were produced in the absence of a force bias (I 1).
The activity of 132 cells was recorded in the arm area of the motor cortex during performance of this task (12). The activity of 74 of 132 (56.1%) cells during the reaction and force production time was directionally tuned (13); this tuning was preserved across the force biases used (Fig.  2) . This finding suggests that the cell activity varies with the dynamic force or the change in force but not with the force exerted by the subject; unlike the first two forces, the force exerted by the subject changed drastically according to the force bias (Fig. 3) . In contrast to cell activity, the electromyographic (EMG) activity of muscles active in the task changed appreciably with the force bias (14).
The relation of neuronal activity to the various forces was confirmed with the neuronal population vector (15) , which can be calculated as a time-varying signal (16, 17) and, therefore, can be compared to the time-varying dynamic force, to the force exerted by the subject, and to the change in force (18) . The population vector was related to the dynamic force or to the change in force but not to the force exerted by the subject (Fig. 4) Our data show that the activity of motor cortical cells was tuned with respect to the direction of two-dimensional isometric force pulses and that this directional tuning was similar across force biases in different directions, as observed previously in a movement study (4) . Thus, single-cell activity did not relate to the force exerted by the subject, which changed under these conditions. In contrast, the direction of dynamic force, the change in force, and the visually instructed direction all remained invariant and congruent across different force biases and could be, alone or in combination, the directional variables to which cell activity is related.
This directional tuning has been documented in both isometric and movement (4, 15, 21) conditions. In the case of movement conditions, it was proposed (4) that this invariance reflects a relation to the direction of movement irrespective of extemally applied loads-that is, a relation to kinematic (movement) planning as contrasted with kinetic (force) implementation (22) . On the basis of this distinction and the relative insensitivity of cell activity in parietal area 5 to static bias forces, Kalaska and co-workers (23) hypothesized that movement planning is hierarchically organized, with area 5 of the parietal cortex providing the kinematic plan and the motor cortex participating in both kinematic and kinetic aspects of movement. Although these ideas may be applied to movements, they cannot be properly applied to isometric forces because for these forces there is no motion and, therefore, strictly speaking, no kinematics: in this sense, the isometric case is all kinetics (that is, force-related).
The mechanical conditions for the generation of the directed motor output are also very different in movement and isometric conditions-that is, when a mass to be accelerated is present (movement) or absent (isometric force). kinematics only, could be tested by recording cell activity in that area with the isometric task used in this study. Finally, the findings of our study raise the question of the representation of force exerted by the subject under dynamic conditions. When a force bias is present, the force exerted by the subject is made up of both dynamic and static components (Fig.  1) and could be represented at the level of motoneuronal pools by the convergence of dynamic (27) and static (postural) (28) inputs from separate supraspinal structures and spinal interneuronal systems (29) ; this convergence would provide an ongoing integrated signal to the motoneuronal pools. Indeed, such an integration of postural and dynamic factors was suggested by a recent analysis of EMG activity (30) . in one, the force bias was 0, and in the remaining eight conditions the force bias was 45 g and was in the directions shown (Fig. 2) 
